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INTRODUCTION 

The  hypothesis  of  this  proposal  is  that  ErbB2  expression  regulates  the  activity  of  c-src  and 
that  this  activation  is  a  factor  in  mediating  ErbB2  induced  tumorigenesis.  Previous  work  with 
human  tumors  has  shown  increased  c-src  activity  (Ottenhoff-Klaff  et  al.,  1992).  Tissue  from  mice 
overexpressing  ErbB2  show  increased  activity  of  c-src  (Muthuswamy  et  al.,  1994).  Knockout 
mice  lacking  c-src  also  exhibit  decreased  tumorigenesis  induced  by  polyomavirus  middle  T  antigen 
(Guy  et  al.,  1994).  Data  from  our  laboratory  and  others  (Zhair  et  al.,  1993)  show  that  non- 
tumorigenic  mammary  epithelial  cells  are  readily  transformed  to  a  tumorigenic  phenotype  by 
overexpression  of  ErbB2.  This  tumorigenic  transformation  is  accompanied  by  increased  activity  of 
c-src  (see  below). 

The  overall  project  has  two  major  areas  of  focus:  the  mechanism  by  which  ErbB2  activates  c- 
src  and  the  consequences  of  c-src  activation.  Earlier  work  focused  on  the  activation  of  c-src  by 
ErbB2.  There  are  several  ways  by  which  ErbB2  could  regulate  c-src  activity:  by  altering  c-src 
expression  levels,  by  decreasing  expression  and/or  activity  of  csk,  by  increasing  expression  and/or 
activity  of  c-src-directed  phosphotyrosine  phosphatases  or  by  phosphorylation-independent 
activation  of  c-src.  These  possible  mechanisms  were  addressed  in  Year  2  work. 

As  described  in  the  STATEMENT  OF  WORK,  year  3  consisted  of  further  assessing  effects 
of  ErbB2  on  c-src  phosphatases  and  further  defining  the  impact  of  inhibiting  src  activation 
(through  dominant  negative  inhibitors  and  SHP2  inhibitors)  on  the  ErbB2-transformed  phenotype. 
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BODY 

Experimental  Methods 

Cell  Lines 

Parental  Lines 

The  nontumorigenic  human  mammary  epithelial  cell  line  184.A1  and  the  nontumorigenic 
mouse  line  NMuMG  was  used  in  most  studies  covered  by  this  report.  Cells  were  routinely  grown 
in  DMEM:F12  +  10%  FBS,  5  pg/ml  insulin  and  10  ng/ml  EOF. 

Transected  lines 

Cells  were  transfected  by  ErbB2  as  previously  described  (Sheffield,  1998).  For  studies  on 
the  functional  consequences  of  c-src  activation  by  ErbB2,  cells  were  initially  transfected  with 
dominant  negative  c-src  or  dominant  negative  SHP2  under  control  of  the  CMV  promoter  and  in  a 
neomycin  resistance  vector  (Bell  et  al.,  1992)  or  with  empty  vector.  These  cells  were  then  selected 
for  stable  transfection  by  selection  in  media  containing  G418  to  give  control  and  dominant  negative 
c-src  transformed  cells.  The  ErbB2  was  then  excised  from  the  initial  neomycin  resistance  vector 
and  subcloned  into  a  Zeocin  resistance  vector.  Control  and  dominant  negative  c-src  cells  (above) 
were  then  transfected  with  this  vector  or  with  the  empty  vector  and  selected  in  media  containing 
G418  and  Zeocin. 

Measurement  of  phosphatase  activity 

Cells  were  lysed  with  50  mM  HEPES  containing  40  mM  sodium  pyrophosphate,  50  mM 
NaF,  0.1  mM  Na^VO^  ,  1  mM  PMSF  and  1%  Triton  X-100.  Protein  content  was  determined  by 
BCA  method  (Pierce  Chemical  Co.,  Rockford,  IL),  equalized  among  samples  and  ErbB2 
immunoprecipitated  using  anti-ErbB2  and  agarose  conjugated  Protein  A/G.  Phosphatase  activity 
assessed  by  the  Malacite  Green  method  of  assessing  free  phosphate  (Harder  et  al.,  1994)  and  using 
a  peptide  corresponding  to  the  C-terminus  of  src  (peptide  301,  Biomole,  Plymouth  Meeting,  PA) 
or  a  peptide  corresponding  to  the  autophosphorylation  site  of  src  (peptide  312,  Biomole)  as 
substrate  peptides. 
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Western  Analysis  of  phosphatase  activity 

Cell  lysates,  membranes  or  ErbB2  immunoprecipitates  were  prepared  as  described  above. 
Proteins  were  separated  by  SDS-PAGE,  transferred  to  PVDF  membranes  and  western  blots 
probed  with  antibodies  to  the  indicated  phosphatases.  Computer  densitometry  was  used  to  assess 
relative  band  intensity. 

Results 

Summary  of  Year  1  and  2  Results 

For  background  and  to  place  Year  3  results  in  context,  Year  1  and  2  results  are  summarized 
briefly.  Data  supporting  these  conclusions  were  reported  in  year  1  Progress  Report. 

Year  1 

1 .  ErbB2  vector  efficiently  increased  expression  of  ErbB2  in  mammary  epithelial  cells 

2.  ErbB2  transfection  leads  to  a  transformed  phenotype,  as  assessed  by  growth  on  soft  agar  and 
in  athymic  mice 

3 .  ErbB2  transformation  leads  to  increased  activity  of  c-src  without  increasing  expression  of  c- 
src. 

4.  The  c-src  assay  was  linear  over  time  and  amount  of  enzyme,  was  dependent  on  added 
substrate  and  conducted  under  substrate  and  ATP  concentrations  leading  to  maximum  activity. 
Results  did  not  appear  to  be  due  to  suboptimum  assay  conditions. 

5 .  C-src  phosphorylation  pattern  in  ErbB2  transformed  cells  was  consistent  with 
dephosphorylation  at  Y527  in  response  to  ErbB2. 

6 .  These  results  appeared  to  be  reproducible  in  other  mammary  epithelial  cell  lines. 

Year! 

7 .  ErbB2  increased  the  content  and  activity  of  CSK  in  mammary  epithelial  cells 

8 .  ErbB2  increased  the  activity  of  phosphatases  directed  toward  a  peptide  corresponding  to  the 
C-terminus  of  c-src. 

9 .  A  large  portion  of  the  src-directed  phosphatase  activity  co-immunoprecipitated  with  ErbB2. 

10.  SHP2  was  tentatively  identified  as  an  ErbB2-associated  phosphatase. 
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1 1 .  Co-transfection  of  ErbB2  and  a  dominant  negative  c-src  decreased  soft  agar  growth  of 
mammary  epithelial  cells 

Association  of  ErbB2  with  SHP2 

Co-immunoprecipitation  studies,  followed  by  western  blot  analysis,  indicated  that  a  major 
phosphatase  associated  with  ErbB2  was  SHP2  (Figure  1).  SHP2  precipitated  with  ErbB2 
appeared  to  largely  parallel  the  amount  of  ErbB2  in  samples,  and  the  phosphatase  activity  directed 
toward  the  c-terminus  of  c-src. 


Measurement 

Figure  1.  Effect  of  ErbB2  on  ErbB2-associated  phosphatase.  ErbB2  was  immunoprecipitated 
from  wild-type  (Control)  or  ErbB2-transformed  cells.  ErbB2  and  SHP2  content  were  determined 
by  western  blot  analysis.  Phosphatase  activity  was  determined  by  de-phosphorylation  of  peptide 
corresponding  to  the  C-terminus  of  c-src  as  described  in  Methods.  Data  expressed  relative  to  wild- 
type  (Control)  cells.  Mean  ±  SEM  of  5  determinations. 

Co-transfection  of  ErbB2  and  dominant  negative  SHP2 

To  further  assess  the  role  of  SHP2  in  ErbB2-induced  activation  of  c-src,  cells  were  co¬ 
transfected  with  ErbB2  and  vector  alone  (control)  or  ErbB2  and  dominant  negative  SHP2  (a 
truncation  mutation  lacking  the  phosphatase  domain  of  SHP2).  Expression  of  dominant  negative 
SHP2  dramatically  reduced  the  association  of  phosphatase  activity  with  ErbB2  (Figure  2), 
suggesting  that  a  major  phosphatase  associated  with  ErbB2  is  SHP2.  In  additional  studies,  the 
impact  of  dominant  negative  SHP2  on  c-src  activation  by  ErbB2  was  assessed.  Expression  of 
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inactive  SHP2  prevented  the  ErbB2-induced  activation  of  c-src  (Figure  3).  Thus,  a  major  pathway 
for  ErbB2-activation  of  c-src  appears  to  be  activation  of  SHP2. 

SHP2  on  ErbB2-Associated  Phosphatase 


SHP2  Status 


Figure  2.  Effect  of  dominant  negative  SHP2  on  ErbB2-associated  phosphatase  activity.  Cells 
transfected  with  vector  alone  (Control)  or  dominant  negative  SHP2  (DN-SHP2)  were  transfected 
with  vector  (Control)  or  ErbB2.  ErbB2  was  immunoprecipitated  and  phosphatase  activity 
determined  as  dephosphorylation  of  peptide  corresponding  to  the  C-terminus  of  C-src.  Mean  ± 
SEM  of  4  experiments. 

Dominant  Negative  SHP2  on  c-src  Activity 


«  Control  DN-SnP2 


SHP2  Status 

Figure  3.  Effect  of  dominant  negative  SHP2  on  ErbB2-induced  c-src  activity.  Cells  transfected 
with  vector  alone  (Control)  or  dominant  negative  SHP2  (DN-SHP2)  were  transfected  with  vector 
(Control)  or  ErbB2.  C-src  activity  was  determined  as  described  previously  (Sheffield,  1998). 
Mean  ±  SEM  of  4  experiments. 
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Dominant  negative  src  alters  tumor  formation 

Previously,  dominant  negative  c-src  was  found  to  inhibit  the  ability  of  mammary  epithelial 
cells  to  grow  on  soft  agar.  As  an  additional  test  of  tumor  formation,  cells  were  xenografted  to 
athymic  (nude)  mice.  After  2  months,  12/12  control  tumors  (ErbB2  and  vector  alone)  were 
detectable,  whereas  only  7/12  ErbB2-dominant  negative  src  injections  formed  tumors. 
Furthermore,  the  growth  rate  of  the  control  cells  was  significantly  faster,  resulting  in  larger  final 
tumor  weight  (1.2  ±  0.3  g  in  controls  vs  0.4  ±  0.2  g  in  dominant  negative  src  expressing  cells). 
These  results  indicate  that  c-src  activation  by  ErbB2  appears  to  be  necessary  for  tumor  formation 
and  development. 


Discussion 

Previous  results  (detailed  above  and  in  Year  1  and  2  progress  report)  indicated  that  c-src  was 
activated  by  ErbB2  without  increasing  c-src  expression.  Standard  assay  validations  indicated  that 
this  was  due  to  a  true  increase  in  src  activity.  A  major  objective  of  the  overall  project  is  to 
determine  how  ErbB2  activates  c-src.  This  activation  is  associated  with  decreased  phosphorylation 
at  Y527.  Presumably,  the  decreased  Y527  phosphorylation  could  be  due  to  decreased  CSK 
activity  or  increased  phosphatase  activity.  These  studies  indicate  that  decreased  CSK  activity  does 
not  appear  to  explain  src  activation  by  ErbB2.  However,  increased  activity  of  SHP2  appears  to  be 
a  plausible  mechanism  by  which  ErbB2  could  activate  src.  In  the  present  study,  we  determined 
that  SHP2  was  associated  with  ErbB2.  This  association  does  not  appear  to  be  modified  by 
tumorigenic  transformation,  as  the  increase  in  SHP2  associated  with  ErbB2  immunoprecipitates 
was  largely  parallel  with  increased  ErbB2  content  of  cells.  In  addition,  phosphatase  inactive  SHP2 
decreased  ErbB2-induced  phosphatase  activity  and  the  ability  of  ErbB2  to  activate  c-src. 

In  studies  of  the  impact  of  c-src  activation,  we  have  shown  that  c-src  appears  to  be  necessary 
for  growth  of  cells  in  soft  agar  and  for  tumor  formation  in  athymic  mice.  These  studies  suggest 
that  the  activation  of  SHP2  by  association  with  ErbB2  may  be  a  major  event  in  tumorigeneis, 
possibly  by  SHP2-mediated  activation  of  c-src. 
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Recommendations 

Based  on  the  results  of  Years  1-3,  the  plan  of  work  outlined  for  year  4  remains  plausible. 

This  includes  further  examination  of  the  phenotype  of  cells  co-transfected  with  dominant  negative 
c-src  and  dominant  negative  SHP2,  including  formation  of  metastatic  tumors  and  the  ability  of  cells 
to  invade  extracellular  matrices. 

KEY  RESEARCH  ACCOMPLISHMENTS 

-ErbB2  transformation  of  mammary  epithelial  cells  leads  to  increased  activity  of  c-src  without 
increasing  expression  of  c-src. 

-C-src  phosphorylation  pattern  in  ErbB2  transformed  cells  was  consistent  with  dephosphorylation 
at  Y527  in  response  to  ErbB2. 

-c-src  dephosphorylation  on  Y527  does  not  appear  to  be  due  to  decreased  CSK  content  or  activity, 
-c-src  dephosphorylation  in  response  to  ErbB2  appears  to  be  mediated  by  increased  SHP2  activity, 
-c-src  activation  by  ErbB2  appears  to  be  necessary  for  ErbB2-induced  tumorigenicity. 

REPORTABLE  OUTCOMES 
Manuscripts 

Sheffield,  L.G.  1998.  Role  of  c-src  activation  in  ErbB2-induced  transformation  of  human  breast 
epithelium.  Biochem.  Biophys.  Res.  Commun.  250:27-31. 

Sheffield,  L.G.,  Smuga-Otto,  K.,  Lewandowski,  J.A.,  Vilhubner,  K.  ErbB2  activates  of  c-src 
via  the  phosphotyrosine  phosphatase  SHP2.  Manuscript  in  preparation. 

CONCLUSIONS 

Previous  results  indicate  that  ErbB2  increases  activity  of  c-src  in  mammary  epithelium.  The 
present  studies  suggest  that  this  induction  of  c-src  activity  is  mediated  by  increased  activity  of  a 
src-directed  kinase  that  removes  an  inhibitory  phosphate  at  Y527.  SHP2  appears  to  be  a  leading 
candidate  for  the  phosphatase.  In  addition,  the  activation  of  c-src  by  ErbB2  appears  to  play  a 
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critical  role  in  inducing  a  tumor  phenotype.  These  results  that  strategies  to  modify  src  activity  or 
the  activity  of  the  src-directed  phosphatase(s)  may  prove  useful  in  modifying  tumor  progression. 
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Nontumorigenic  human  mammary  epithelial  cells 
(184.A1  line)  were  stably  transfected  with  ErbB2  or 
with  Ha-Ras.  Transformation  with  ErbB2,  but  not  ras, 
resulted  in  a  5-6  fold  increase  in  c-src  activity  without 
affecting  c-src  content  of  cells.  Similar  activation  of  c- 
src  by  ErbB2  was  also  observed  in  other  non-tumori- 
genic  mammary  epithelial  cells,  including  the  human 
line  MCFIOA  and  the  mouse  line  NMuMG.  Activation 
of  c-src  appeared  to  be  dependent  on  active  ErbB2  ty¬ 
rosine  kinase,  as  the  ErbB2  inhibitor  tyrphostin  AG 
825  blocked  the  induction  of  c-src  kinase  activity,  as 
well  as  the  ability  of  transformed  cells  to  grow  on  soft 
agar,  hut  not  plastic.  The  src-selective  inhibitor  PPl 
effectively  reduced  c-src  activity,  as  well  as  growth  of 
ErbB2-transformed  cells  on  soft  agar,  hut  not  on  plas¬ 
tic.  These  results  indicate  that  activation  of  c-src  is  a 
consequence  of  ErhB2  kinase  activity  in  human  breast 
cancer  cells  overexpressing  ErbB2,  and  that  increased 
activity  of  c-src  may  be  responsible  for  attachment- 
independent  growth  of  the  cells.  ©  1998  Academic  Press 


ErbB2  (neu)  is  overexpressed  in  10-30%  of  human 
breast  cancers  (1).  ErbB2  expression  has  been  associ¬ 
ated  with  aggressively  growing  tumors  and  poor  prog¬ 
nosis  (2,  3).  Such  effects  are  thought  to  be  a  result 
of  ErbB2  activity,  rather  than  correlatory  effect,  since 
ErbB2  expression  in  rodent  mammary  tissue  by  either 
in  situ  gene  transfer  or  transgenic  technology  results 
in  the  development  of  mammary  carcinoma  at  young 
ages  (4-7).  Furthermore,  nontumorigenic  human  mam¬ 
mary  epithelial  cells  can  be  tumorigenically  trans¬ 
formed  by  expression  of  ErbB2  (8,  9). 

The  product  of  the  ErbB2  gene  is  a  tyrosine  kinase 
in  the  same  family  as  EGF  receptor,  but  with  no  known 
ligand  (10).  A  variety  of  signal  transduction  events  me¬ 
diated  by  ErbB2  have  been  described,  including  activa¬ 
tion  of  ras-MAPK  and  PI3  Kinase  pathways  (11,  12). 
In  mice  transgenic  for  ErbB2,  tumor  tissue  contains 
elevated  c-src  activity  relative  to  non-tumor  tissue  (13). 


These  results  suggest  that  ErbB2  overexpression 
causes  an  activation  of  c-src,  which  may  be  at  least 
partly  responsible  for  the  phenotype  of  ErbB2  trans¬ 
formed  cells.  Therefore,  the  objective  of  this  study  was 
to  determine  if  overexpressing  ErbB2  results  in  activa¬ 
tion  of  c-src  in  non-tumorigenic  human  mammary  epi¬ 
thelial  cells  and  if  c-src  activation  may  be  responsible 
for  tumor  phenotype. 

MATERIALS  AND  METHODS 

Cell  lines.  184. A1  human  mammary  epithelial  cells  (14), 
MCFIOA  human  mammary  epithelial  cells  (15)  and  NMuMG  mouse 
mammary  epithelial  cells  (16)  were  obtained  from  ATCC  (Rockville, 
MD).  Cells  maintained  in  Dulbecco*s  modified  Eagle’s  medium  sup¬ 
plemented  with  10%  fetal  bovine  serum  and  10  ng/ml  EGF.  pJRneu 
(17)  and  pJRras  (18)  were  kindly  provided  by  Dr.  M.  Gould  (Univer¬ 
sity  of  Wisconsin,  Madison).  pJRneu  is  based  on  the  plasmid  pJR 
containing  tumorigenic  human  neu,  driven  by  CMV  promoter  and 
containing  a  neomycin  resistance  marker.  pJRras  is  similar,  except 
that  v-Ha-ras  is  present  insead  of  neu.  Transfected  cell  lines  were 
selected  in  media  containing  400  /ig/ml  G418  sulfate. 

Western  blot  analysis.  To  assess  expression  of  ErbB2  and  c-src, 
cells  were  grown  to  near  confluency  and  lysed  with  SDS  loading 
buffer  (19)  lacking  2-mercaptoethanol  and  bromophenol  blue.  Protein 
content  of  samples  was  determined  by  BCA  assay  (Pierce  Chemical 
Co.,  Rockford,  IL),  2-mercaptoethanol  and  bromophenol  blue  added 
to  the  samples  and  50  //g  protein  separated  by  SDS-PAGE.  Proteins 
were  transferred  to  PVDF  membranes  and  western  blots  probed  with 
antibodies  against  c-src  (UBI,  Lake  Placid,  NY)  essentially  as  de¬ 
scribed  by  Fenton  and  Sheffield  (20). 

c-src  activity.  Cells  grown  to  approximately  80%  confluency  were 
lysed  with  lysis  buffer  (50  mM  HEPES,  pH  7.0  containing  30  mM 
sodium  pyrophosphate,  10  mM  EDTA,  50  mM  NaCl,  50  mM  NaF, 
1%  Triton  X-100,m  0.1%  BSA,  1  mM  sodium  orthovanadate  and  1 
mM  PMSF)  and  centrifuged  (15,000  g  for  15  minutes).  Protein  con¬ 
tent  of  the  supernatant  was  determined  by  BCA  assay,  equalized 
among  cell  lines  and  c-src  immunoprecipitated  from  equal  protein 
amounts  essentially  as  previously  described  (21)  using  anti-c-src 
(UBI)  and  agarose  conjuated  protein  A  and  G  (Santa  Cruz  Biotech¬ 
nology,  Santa  Cruz,  CA).  Beads  were  washed  4  times  with  lysis  buffer 
and  c-src  activity  determined  by  incubating  immunoprecipitated  en¬ 
zyme  in  15  ^1  of  assay  buffer  (200  mM  HEPES,  pH  7.0  containing 
125  mM  MgCL,  25  mM  MnCL,  and  0.25  mM  sodium  orthovanadate) 
with  or  without  substrate  peptide  ([lys^®]cdc2(6-20))  or  control  pep- 


27 


0006-291X/98  $25.00 

Copyright  ©  1998  by  Academic  Press 

All  rights  of  reproduction  in  any  form  reserved. 


Vol.  250,  No.  1,  1998 


BIOCHEMICAL  AND  BIOPHYSICAL  RESEARCH  COMMUNICATIONS 


tide  ([phe‘%s‘®lcdc2(6-20))  (1  mM  for  standard  assays).  Reactions 
were  started  by  adding  5  #iM  of  a  0.5  mM  y^P-ATP  solution  (approxi¬ 
mately  1  Ci/mmole,  Dupont,  Boston,  MA).  Standard  reactions  were 
continued  for  5  minutes  and  stopped  by  adding  10%  trichloroacetic 
acid  and  100  Mg  bovine  serum  albumin.  Samples  were  centnfuged 
(3000  g  for  5  minutes)  and  supernatant  spotted  onto  Whattman  P81 
phosphocellulose  paper.  Paper  was  washed  5  times  with  100  mM 
phosphoric  acid,  dried  and  counted  by  liquid  scintillation,  c-src  con¬ 
tent  in  immunoprecipitates  was  determined  by  western  blot  analysis 
as  described  above,  quantitated  by  computer-assisted  densitometry 
(Collage,  Fotodyne,  New  Berlin,  WI)  and  activity  adjusted  for  c-src 
content. 

Cell  growth.  Control  or  ErbB2  transfected  cells  were  plated  onto 
petri  dishes  (10"  cells/cm^),  treated  as  described  and  allowed  to  ^ow 
for  3  days  with  media  changed  each  day.  Cells  were  counted  by 
hemocytometer  counting  and  population  doubling  time  estimated  as 
an  index  of  growth  rate. 

Soft  agar  growth.  Wild-type  or  ErbB2  transformed  cells  were  sus¬ 
pended  in  DMEM  containing  10%  fetal  bovine  serum  and  0.3  %  agar 
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FIG.  1.  c-src  content  and  activity  of  parental,  ErbB2  transformed 
and  ras-transformed  184.A1  human  mammary  epithelial  cells.  For 
both  studies,  parental,  ErbB2  and  ras  transformed  cells  were  g^er- 
ated  and  cultured  as  described  in  Materials  and  Methods.  A.  Cells 
were  lysed  with  SDS  loading  buffer,  proteins  separated  by  SDS 
PAGE  and  western  blot  analysis  was  performed  as  described  in  Mate- 
rials  and  Methods.  Representive  of  3  experiments.  Densitometry 
analysis  indicated  no  significant  differences  in  c-src  expression.  B. 
c-src  was  immunoprecipitated,  c-src  content  of  immunoprecipitates 
assessed  by  western  analysis  and  kinase  activity  determined  as  de¬ 
scribed  in  Materials  and  Methods,  c-src  activity  was  reported  prior 
to  normalization  to  c-src  content  of  immunoprecipitates.  Mean  ± 
SEM  of  3  experiments.  *  =  Significantly  different  than  parental  line, 
P<0.05. 
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FIG.  2.  Comparison  of  cell  lines.  Parental,  ErbB2  and  ras  trans- 
formed  184.A1,  MCF-lOA  and  NMuMG  cells  were  generated  as  de¬ 
scribed  in  Materials  and  Methods,  c-src  was  immunoprecipitated, 
C-src  content  of  immunoprecipitates  determined  by  western  ot 
ysis  and  kinase  activity  of  immunoprecipitates  determined  as  de¬ 
scribed  in  Materials  and  Methods.  Kinase  activity  was  reported  after 
normalization  to  c-src  content  of  immunoprecipitates.  Mean  ±  SEM 
of  3  determinations.  *  =  Significantly  different  than  parental  line, 
P<0.05. 


and  plated  over  0.5  %  bottom  agar  at  a  density  of  10®  cells/100  mm 
petri  dish.  Cells  were  then  treated  as  described  and  colony  forming 
efficiency  determined  after  7  days  of  growth. 

Statistical  analysis.  All  experiments  were  replicated  on  at  least 
3  occasions.  Quantitative  data  were  analyzed  by  analysis  of  vanance 
(ANOVA)  and  transformed  cell  lines  compared  with  parental  cells 
hy  Dunnett’s  t-test  (22).  Unless  otherwise  states,  all  differences  noted 
were  P<0.05. 


RESULTS 

The  c-src  content  of  parental,  ErbB2  transformed 
and  ras  transformed  cells  did  not  vary  significantly 
among  the  3  lines  (Figure  lA).  Despite  similar  levels 
of  c-src,  phosphorylation  of  a  c-src  substrate  peptide 
was  increased  approximately  5-6  fold  in  ErbB2  express¬ 
ing  cells  compared  with  control  cells  (Figure  IB).  The 
c-src  activity  in  ras-transformed  cells  was  not  signifi¬ 
cantly  different  than  parental  cells,  suggesting  that 
this  effect  was  not  a  general  effect  of  transformation 
but  was  likely  due  to  ErbB2  expression.  In  preliminary 
studies  (not  shown),  c-src  kinase  activity  was  found  to 
be  dependent  on  the  presence  of  substrate  peptide,  lin¬ 
ear  over  time  and  linear  over  the  amount  of  cell  extract 
used  for  immunoprecipitation. 

The  effect  of  ErbB2  transformation  on  c-src  activity 
was  not  confined  to  184.A1  cells.  The  nontumorigenic 
human  mammary  epithelial  cell  line  MCF-lOA  and  the 
mouse  line  NMuMG  also  exhibited  substantial  in¬ 
creases  in  c-src  activity  upon  transfection  with  ErbB2, 
but  not  with  ras  (Figure  2). 
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In  order  to  further  verify  that  the  observed  change 
in  c-src  activity  was  due  to  ErbB2  activity,  the  effects 
of  the  selective  ErbB2  inhibitor  Tyrphostin  AG  825  on 
c-src  activation,  cell  growth  and  attachment  indepen¬ 
dent  growth  was  assessed.  AG  825  (10  /xM)  dramati¬ 
cally  decreased  c-src  activity  in  ErbB2  transformed 
cells,  to  levels  approximately  equal  to  control  levels 
(Figure  3A).  This  concentration  had  no  effect  on  cell 
viability,  as  measured  by  trypan  blue  exclusion  (not 
shown).  Cell  proliferation  on  plastic  was  slightly  re¬ 
duced  by  AG  825.  Untreated  ErbB2  transformed  cells 
grew  significantly  faster  than  parental  cells.  However, 
AG  825  reduced  the  growth  rate  of  ErbB2  transformed 
cells  to  rates  that  were  not  different  than  parental  cells 
(Figure  3B).  Parental  cells  were  largely  incapable  of 
forming  colonies  on  soft  agar,  while  ErbB2  transformed 
cells  readily  formed  colonies  on  soft  agar.  AG  825  dra¬ 
matically  inhibited  the  ability  of  ErbB2  transformed 
cells  to  form  colonies  on  soft  agar  (Figure  3C). 

In  order  to  evaluate  possible  roles  of  c-src  in  the 
ErbB2  tumor  phenotype,  the  ability  of  the  putative  c- 
src  inhibitor  PPl  to  reverse  tumor  phenotype  was  ex¬ 
amined.  PPl  reduced  c-src  activity  in  ErbB2  trans¬ 
formed  cells  (Figure  3A).  At  a  dose  that  resulted  in  c- 
src  activity  similar  to  control  levels  (100  nM),  PPl  had 
little  effect  on  cell  proliferation  on  plastic  and  ErbB2 
transformed  cells  continued  to  grow  faster  than  paren¬ 
tal  cells  (Figure  3B).  However,  PPl  dramatically  inhib¬ 
ited  growth  of  ErbB2  transformed  cells  on  soft  agar 
(Figure  3C).  These  results  suggest  that  c-src  activation 
by  ErbB2  may  have  little  effect  on  mitogenesis  of  hu¬ 
man  breast  cancer,  but  may  play  an  important  role  in 
other  tumor  phenotypes,  such  as  attachment  indepen¬ 
dent  growth. 
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FIG.  3.  Influence  of  Tyrphostin  AG  825  (ErbB2  inhibitor)  or  PPl 
(src  inhibitor)  on  c-src  activity  (A),  growth  on  plastic  (B)  and  growth 
on  soft  agar  (C).  Parental  and  ErbB2  transformed  184. A1  cells  were 
generated  as  described  in  Materials  and  Methods,  cultured  on  plastic 


The  present  study  indicates  that  overexpression  of 
ErbB2  in  a  non-tumorigenic  human  mammary  epithe¬ 
lial  cell  line,  which  has  previously  been  shown  to  result 
in  tumorigenic  transformation  of  the  cells  (9),  results 
in  dramatically  increased  c-src  activity,  in  the  absence 
of  altered  c-src  content.  These  results  indicate  that  pre¬ 
viously  observed  associations  between  ErbB2  expres¬ 
sion  and  c-src  activity  (23-25)  are  likely  to  be  a  result 
of  ErbB2  expression,  and  not  a  coincidental  correlation. 


(A  and  B)  or  soft  agar  (C)  and  treated  with  Tyrphostin  AG  825  (10 
fiM,  AG)  or  PPl  (100  nM).  A.  c-src  was  immunoprecipitated,  c-src 
content  determined  by  western  blot  analysis,  kinase  activity  deter¬ 
mined  as  described  in  Materials  and  Methods  and  kinase  activity 
normalized  to  c-src  content  of  immunoprecipitates.  B.  Cells  were 
plated,  cultured  for  3  days  and  growth  rate  was  expressed  as  popula¬ 
tion  doubling  time.  C.  Cells  were  plated  onto  soft  agar,  cultured  for 
7  days  and  colony  forming  efficiency  was  estimated.  Mean  ±  SEM 
of  4  experiments.  *  =  Significantly  different  than  control  treated 
parental  cells,  P<0.05. 
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Furthermore,  the  results  indicate  that  previously  re¬ 
ported  increases  in  c-src  activity  in  transgenic  mice 
expressing  ErbB2  in  mammary  tissue  (13)  is  also  ob¬ 
served  in  human  mammary  epithelium.  The  lack  of 
effect  of  ras  transformation  suggests  that  the  observed 
effect  is  not  a  general  result  of  transfection,  selection 
or  transformation,  but  is  likely  due  to  specific  signaling 

pathways.  .  ,  • 

Because  ErbB2  is  known  to  function  as  a  tyrosine  ki¬ 
nase  (10),  we  also  examined  the  effects  of  the  ErbB2 
selective  kinase  inhibitor  Tyrphostin  AG  825  on  c-src  ac¬ 
tivity.  This  inhibitor  appears  to  have  substantial  selectiv¬ 
ity  for  ErbB2  over  other  tyrosine  kinases,  including  c-src 
and  ErbBl  (26).  However,  as  with  all  inhibitor  studies, 
possible  non-specific  effects  cannot  be  completely  elimi¬ 
nated.  Nonetheless,  these  studies  suggest  ErbB2-medi- 
ated  c-src  activation  is  likely  to  depend  on  the  tyrosine 
kinase  activity  of  ErbB2.  However,  the  exact  pathway 
involved  is  not  elucidated  in  these  studies.  Presumably, 
the  pathway  could  involve  activation  of  phosphotyrosine 
phosphatases  (9, 27),  inhibition  of  CSK-hke  activities  (28) 
or  direct  association  with  ErbB2  (29). 

Functionally,  c-src  activation  could  mediate  a  variety 
of  tumorous  phenotypes.  Guy  et  al.  (30)  observed  that 
c-src  ablation  decreased  Polyoma  virus  middle-T  anti- 
gen-induced  mammary  tumorigenesis  in  transgenic 
mice.  Other  researchers  have  reported  that  c-src  medi¬ 
ated  signaling  may  be  important  in  cell  cycle  profes¬ 
sion  (31).  In  addition,  src  is  well  known  as  a  mediator 
of  cytoskeletal  architecture,  cell  adhesion  and  motility 
(32, 33).  Such  processes  are  clearly  implicated  in  tumor 
metastasis  (34).  Members  of  the  c-src  family  have  also 
been  associated  with  integnn  signaling  complexes, 
which  may  be  involved  in  tumor  development  and  me¬ 
tastasis  (35).  Since  ErbB2  is  associated  with  increased 
tumor  invasiveness  and  poor  prognosis,  the  hypothesis 
that  c-src  activation  by  ErbB2  contributes  to  the  highly 
invasive  phenotype  of  ErbB2  expressing  tumors  is  at¬ 
tractive,  but  as  yet  unproven. 

In  order  to  evaluate  the  possible  role  of  c-src  in  tumor 
development,  the  src  family  selective  inhibitor  PPl  was 
used.  Originally,  PPl  was  described  as  an  inhibitor  of 
Lck  and  Fyn  (36),  but  is  also  capable  of  inhibiting  c- 
src  (37).  In  contrast  to  recent  studies  on  ErbB2-induced 
mouse  mammary  tumors,  which  found  that  PPl  did 
not  affect  attachment  independent  cell  growth  (38),  the 
present  study  found  that  proliferation  of  ErbB2-trans- 
formed  human  mammary  epithelium  on  plastic  was 
unaffected  by  PPl,  but  soft  agar  groAvth  was  dramati¬ 
cally  inhibited  by  PPl.  These  results  suggf  t  that  c-src 
activation  by  ErbB2  may  not  be  important  in  mediating 
cell  cycle  progression,  but  may  be  critical  for  mediating 
other  aspects  of  the  transformed  phenotype. 

ACKNOWLEDGMENTS 


providing  plasmids  used  for  transformation.  This  work  was  sup¬ 
ported  by  USDA  project  WIS  3769,  University  of  Wisconsin  Compre¬ 
hensive  Cancer  Center  and  Department  of  Defense  Grant  DAMD17- 
96-1-6108. 


REFERENCES 

1.  Salmon,  D.  J.,  Clark,  G.M.,  Wong,  G.S.,  Levin,  W.  J.,  Ulrich, 

A.,  and  McGuire,  W.  L.  (1987)  Science  235,  177-182. 

2.  Descotes,  F.,  Pavy,  J-J.,  and  Adessi,  G.  L.  (1993)  Anticancer  Res. 
13, 119-124. 

3.  Tripathy,  D.,  and  Benz,  C.  C.  (1993)  in  Oncogenes  and  Tumor 
Suppressor  Genes  in  Human  Malignancies  (Banz,  C.  C.,  and  Lui, 
E.T.,  Eds.),  pp.  26-35,  Kluwer  Academic  Publishers,  Boston, 
MA.’ 

4  Wang,  B.,  Kennan,  W.  S.,  Yasukawa-Bames,  J.,  Lindstrom, 
M.  J.,  and  Gould,  M.  N.  (1991)  Cancer  Res.  51,  5649-5654. 

5.  Gould,  M.  N.  (1993)  J.  Cell.  Biochem.  17G,  66-72. 

6.  Bradbury,  J.  M.,  Amo,  J.,  and  Edwards,  P.  A.  (1993)  Oncogene 
8,  1551-1558. 

7  Guy  C.  T.,  Webster,  M.  A.,  Schaller,  M.,  Parsons,  T.  J.,  Cardiff, 

R.  D.,  and  Muller,  W.  J.  (1992)  Proc.  Natl.  Acad.  Sci.  USA  89, 
10578-10582. 

8.  Ciarkiello,  F.,  Gottardis,  M.,  Basolo,  F.,  Pepe,  S.,  Normanno,  N., 
Dickson,  R.  B.,  Bianco,  A.  R.,  and  Salomon,  D.  S.  (1992)  Mol. 
Carcinogenesis  6,  43-52. 

9  Zhai,  Y.  F.,  Beittenmiller,  H.,  Wang,  B.,  Gould,  M.N.,  Oakley, 
C.,  Esselman,  W.  J.,  and  Welsch,  C.  W.  (1993)  Cancer  Res.  53, 
2272-2278. 

10.  Dougall,  W.  C.,  Qian,  X.,  Peterson,  N.  C.,  Miller,  M.  J.,  Samanta, 
A.,  and  Greene,  M.  I.  (1994)  Oncogene  9,  2109-2213. 

11.  James,  P.  W.,  Daly,  R.  J.,  deFazio,  A.,  and  Sutherland,  R.  L. 
(1994)  Oncogene  9,  3601-3608. 

12.  Grasso,  A.  W.,  Wen,  D.,  Miller,  C.  M.,  Rhim,  J.  S.,  Pretlow,  T.  G., 
and  Rung,  H.  J.  (1997)  Oncogene  16,  2705-1276. 

13.  Muthuswamy,  S.  K..  Siegel,  P.  M.,  Dankort,  D.L.,  Webster, 
M.  A.,  and  Muller,  W.  J.  (1994)  Mol.  Cell.  Biol.  14,  735-743. 

14.  Stampfer,  M.  R.,  and  Bartley,  J.  C.  (1985)  Proc.  Natl.  Acad.  Sci. 
USA  82,  2394-2398. 

15.  Soule,  H.  D.,  Maloney,  T.  M.,  Wloman,  S.  R.,  Peterson,  W.  D.,  Jr., 
Brenz,  R.,  McGrath,  J.,  Russon,  C.  M.,  Pauley,  R.  J.,  Jones,  R.  F., 
and  Brooks,  S.  C.  (1990)  Cancer  Res.  50,  6075-6086. 

16.  Owens,  R.  B.,  Smith,  H.  S.,  and  Hackett,  A.  J.  (1974)  J.  Natl. 
Cancer  Inst.  63,  261-265. 

17.  Wang,  B.,  Kennan,  W.  S.,  Yasukawa-Bames,  J.,  Lindstrom, 
M.  J.,'and  Gould,  M.  N.  (1991)  Cancer  Res.  61,  5649-5654. 

18  Wang,  B.  C.,  Kennan,  W.  S.,  Yasukawa-Bames,  J.,  Lindstrom, 
M,  J.,  and  Gould,  M.  N.  (1991)  Cancer  Res.  61,  2642-2648. 

19.  Laemmli,  U.  K.  (1970)  Nature  227,  680-685. 

20.  Fenton,  S.  E.,  and  Sheffield,  L.  G.  (1993)  Mol.  Biol.  Cell  4,  773- 
780. 

21.  S0rensen,  P.,  and  Sheffield,  L.  G.  (1997)  Biochem.  Biophys.  Res. 
Commun.  241,  710-713. 

22.  Steel,  R.  G.  D.,  and  Torrie,  J.  H.  (1980)  Principles  and  Proce¬ 
dures  of  Statistics,  McGraw-Hill,  New  York. 

23.  Rosen,  N.,  Bolen,  J.  B.,  Schwartz,  A.  M.,  Cohen,  P.,  DeSeau,  V., 
and  Israel,  M.  A.  (1986)  J.  Biol.  Chem.  261,  13754-13759. 

24.  Jacobs,  C.,  and  Rubsamen,  H.  (1983)  Cancer  Res.  43, 1696-1702. 

25.  Ottenhoff-Kalff,  A.  E.,  Rijksen,  G.,  vanBeurden,  E.  A.,  Hennip- 
man.  A.,  Michels,  A.  A.,  and  Staal,  G.  E.  J.  (1992)  Cancer  Res. 
62,  4773-4778. 


The  author  would  like  to  thank  Tyler  Sisk,  Susan  Pederson  and 
Josie  Lewandowski  for  technical  assistance  and  Dr.  M.  N.  Gould  for 


26.  Osherov,  N.,  Gazit,  A.,  Gilon,  C.,  and  Levitzki,  A.  (1993)  J.  Biol. 
Chem.  268,  11134-11142. 


30 


Vol.  250,  No.  1,  1998 


BIOCHEMICAL  AND  BIOPHYSICAL  RESEARCH  COMMUNICATIONS 


27.  Way,  B.  A.,  and  Mooney,  R.  A.  (1994)  Mol.  Cell.  Biochem.  139, 
167-175. 

28.  Cooper,  J.  A.,  and  Howell,  B.  (1993)  Cell  73,  1051-1054. 

29.  Oude  Weemink,  P.  A.,  Ottenhoff-Klaff,  A.  E.,  Vendrig,  M.  P., 
vanBeurden,  E.  A.,  Staal,  G.  E.,  and  Rifksen,  G.  (1994)  FEES 
Lett  352,  296-300. 

30.  Guy,  C.  T.,  Muthuswamy,  S.  K,  Cardiff,  R.  D.,  Soriano,  P.,  and 
Muller,  W.  J.  (1994)  Genes  &  Development  8,  23-32. 

31.  Roche,  S.,  Fumagalli,  S.,  and  Courtenidge,  S.  A.  (1995)  Science 
269,  1567-1569. 

32.  Bell,  L.,  Luthringer,  D.  J.,  Madri,  J.  A.,  and  Warren,  S.  L.  (1992) 
J.  Clin.  Invest.  89,  315-320. 

33.  Sobue,  K.  (1990)  NeuroscL  Res.  13,  S80-91. 


34.  Ahmad,  A.,  and  Hart,  I.  R.  (1997)  Critical  Reviews  in  Oncology - 
Hematology  26,  163-173. 

35.  Parsons,  J.  T.,  and  Parsons,  S.  J.  (1997)  Current  Opinion  Cell 
Biol  9,  187-192. 

36.  Hanke,  J.  H.,  Gardner,  J.  P.,  Dow,  R.  L.,  Changelian,  P,  S.,  Bris- 
sette,  W.  H.,  Weringer,  E,  J.,  Pollok,  B.  A.,  and  Connelly,  P.  A. 
(1996)  J.  Biol  Chem.  271,  695-701. 

37.  Khare,  S.,  Bolt,  M.  J.  G.,  Wali,  R.  K.,  Skarosi,  S.  F.,  Boy,  H.  K, 
Niedziela,  S.,  Scaglionesewell,  B.,  Aquino,  B.,  Abraham,  C.,  Si- 
trin,  M.  D.,  Brasitus,  T.  A.,  and  Bissonnette,  M.  (1997)  J.  Clin. 
Invest  99,  1831-1841. 

38.  Amundadottir,  L.  T.,  and  Leder,  P.  (1998)  Oncogene  16,  737- 
746. 


31 


